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Abstract: It is well known that generic two-Higgs-doublet models (2HDMs) suﬀer from
potentially large Higgs-mediated ﬂavor-changing neutral current (FCNC) problem, unless
additional symmetries are imposed on the Higgs ﬁelds thereby respecting the Natural Flavor
Conservation Criterion (NFC) by Glashow and Weinberg. A common way to respect the
NFC is to impose Z2 symmetry which is softly broken by a dim-2 operator. Another new
way is to introduce local U(1)H Higgs ﬂavor symmetry that distinguishes one Higgs doublet
from the other. In this paper, we consider the Higgs phenomenology in Type-I 2HDMs with
the U(1)H symmetry with the simplest U(1)H assignments that the SM fermions are all
neutral under U(1)H , and we make detailed comparison with the ordinary Type-I 2HDM.
After imposing various constraints such as vacuum stability and perturbativity as well as
the electroweak precision observables and collider search bounds on charged Higgs boson,
we ﬁnd that the allowed Higgs signal strengths in our model are much broader than those
in the ordinary Type-I 2HDM, because of newly introduced U(1)H -charged singlet scalar
and U(1)H gauge boson. Still the ATLAS data on gg → h→ γγ cannot be accommodated.
Our model could be distinguished from the ordinary 2HDM with the Z2 symmetry in a
certain parameter region and some channels. If the couplings of the new boson turn out to
be close to those in the SM, it would be essential to search for extra U(1)H gauge boson
and/or one more neutral scalar boson to distinguish two models.
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1 Introduction
The new boson discovered at the Large Hadron Collider (LHC) in the mass range 125–
126GeV [1, 2] provides the missing link responsible for the origin of electroweak symmetry
breaking and the masses of the Standard Model (SM) particles. Recent analyses for the
spin and parity of this new boson at ATLAS and CMS exclude the hypothesis that this bo-
son has diﬀerent spin or parity from the SM Higgs boson by over 93% C.L. or higher [3, 4].
Although there are controversial observations for the decay of the scalar boson, such as the
excess of the branching ratio for h→ γγ at ATLAS, the most updated values of couplings
of this boson to the SM particles observed at the LHC indicate that this new boson is very
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close to the SM Higgs boson. Then the next natural question on the scalar boson would be
whether it is exactly the same as the SM Higgs boson, or one of Higgs bosons in Beyond
SM with extended scalar sector.
One of the simplest extensions of the SM Higgs sector is the two-Higgs-doublet model
(2HDM), where an extra Higgs SU(2)L doublet is added to the SM Higgs sector. This
extension may be motivated by many new physics models like the supersymmetric Standard
Model, grand uniﬁed theories (GUTs), and so on. Many interesting physics issues have
been studied in detail within 2HDMs (see ref. [5] for recent reviews).
However, the new scalars generally allow tree-level ﬂavor-changing neutral currents
(FCNCs) through the Yukawa couplings with SM fermions, and would be in conﬂict with
observations that FCNC processes are highly suppressed in Nature, unless the scalars with
ﬂavor-changing tree-level couplings are heavy enough.1
One way to avoid this Higgs-mediated ﬂavor problem is the so-called Natural Flavor
Conservation (NFC), where fermions of the same electric charges get their masses from
one Higgs vacuum expectation value (VEV) [6]. One can assign new distinct charges to
the two Higgs doublets as well as to the SM fermions so that the NFC criterion can be
achieved. Then the resulting Yukawa couplings involving the neutral scalars would not
allow the tree-level FCNCs mediated by neutral Higgs bosons.
In most cases, a softly broken discrete Z2 symmetry is imposed in the 2HDMs [6]. Two
Higgs doublets, H1 and H2, have diﬀerent Z2 parity, and only couplings following minimal
ﬂavor violation (MFV) are allowed. The 2HDMs with softly broken Z2 symmetry a` la the
proposal of Glashow and Weinberg have been widely discussed in the literature, and a lot
of interesting signals can be predicted without serious conﬂicts with experiments involving
FCNCs. However, the predicted extra scalars in the 2HDMs are strongly constrained by the
collider search and the explicit Z2 symmetry breaking terms tend to be required to shift the
pseudoscalar mass. Although this approach has been widely adopted in multi-Higgs doublet
models, it is not clear what are the origins of the discrete Z2 symmetry and its soft breaking.
Recently the present authors proposed a new resolution of the Higgs-mediated FCNC
problem in 2HDMs, by implementing the usual softly broken discrete Z2 symmetry to
spontaneously broken local U(1)H symmetry [7].
2 Two Higgs doublets H1 and H2 have
diﬀerent U(1)H charges, and each SM fermion carries its own U(1)H charge in such a way
that the phenomenologically viable Yukawa couplings are allowed without too excessive
Higgs-mediated FCNC in a similar way to the usual 2HDMs with softly broken Z2 sym-
metry. The gauged U(1)H symmetry could realize such a large pseudo-scalar mass by
spontaneous breaking of U(1)H gauge symmetry introducing a new SM singlet scalar Φ
with nonzero U(1)H charge. Then the local U(1)H symmetry is spontaneously broken into
the softly broken Z2 symmetry. In other words, the 2HDMs with spontaneously broken
local U(1)H symmetry could be the origin of the usual 2HDMs with softly broken Z2 sym-
metry with the NFC criterion by Glashow and Weinberg. In ref. [7], the authors discussed
1The FCNC problem mediated by the neutral Higgs boson may be resolved in some specific mod-
els, where, for instance, the neutral Higgs couplings are naturally suppressed by the Cabibbo-Kobayashi-
Maskawa matrix (VCKM) [8] or the Yukawa couplings are aligned in flavor space [9].
2See ref. [10] for supersymmetric extension of the SM with extra gauge interactions including U(1)H .
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in detail how to build new 2HDMs with local U(1)H Higgs symmetry. In the type-I model,
it is possible to construct an anomaly-free model without extra chiral fermions by assigning
appropriate U(1)H charges to the SM fermions and right-handed neutrino as in table I. It
was also shown that the type-II 2HDM with local U(1)H symmetry could be interpreted
as the eﬀective theory of the E6 GUT model with leptophobic Z
′
boson [11, 12]. These are
new and amusing results, and the concept of local U(1)H Higgs gauge symmetry widely
opens new possibilities for the multi-Higgs-doublet models.
The SM fermions are very often chiral under the U(1)H gauge symmetry proposed in
ref. [7], and the issues of anomaly cancellation and realistic Yukawa couplings have to be ad-
dressed carefully before one starts phenomenology. In general, there appears gauge anomaly
once extra gauge symmetry is added, so that extra chiral fermions are also required. Also
one may have to introduce new Higgs doublets which are charged under new gauge groups,
in order to write realistic Yukawa couplings. When one discusses phenomenology in the
extended SM with extra gauge symmetry, one must consider all ingredients to make theory
consistent, even though some of them might be irrelevant at the electroweak energy scale.
This procedure to include all ingredients to consist of phenomenological theory was empha-
sized in the chiral U(1)′ models with ﬂavored Higgs doublets, which could accommodate
the large deviation in the top quark forward-backward asymmetry at the Tevatron with
the SM prediction [13–16].
Another new interpretation of the local U(1)H Higgs gauge symmetry proposed in
ref. [7] is also possible. Suppose there is a new chiral local gauge symmetry in nature (to
say, U(1)χ for simplicity), under which some of the SM fermions are also charged. Then it
may be mandatory to extend the Higgs sector by introducing a new Higgs doublet which
is charged under the new chiral U(1)χ gauge symmetry. This is because in general one
cannot write down the Yukawa couplings for all the SM fermions without U(1)χ-charged
Higgs doublets. The U(1)χ charge of the Higgs doublet should match those of the SM chiral
fermions in order to respect local U(1)χ gauge symmetry. There would be inﬁnitely many
possible choices for the U(1)χ assignments which are also anomaly-free. However not all of
them would be phenomenologically viable because of the Higgs-mediated FCNC problem.
Only a subset of anomaly-free chiral U(1)χ models with multi-Higgs-doublet models would
satisfy the NFC criterion. Our construction in ref. [7] can be regarded as ﬁnding new chiral
U(1)χ models which meet anomaly cancellation and the NFC a` la Glashow and Weinberg.
In this paper, we extend our previous work about the new 2HDMs with U(1)H Higgs
symmetry [7]. In the previous work, we proposed U(1)H charge assignments and full
matter contents corresponding to each type of 2HDMs. Since a SM-like Higgs boson was
discovered at the LHC, it would be timely to discuss if our 2HDMs with local U(1)H
symmetry would be consistent with the Higgs observation at the LHC. After the discovery
of the SM-like Higgs boson at the LHC, a lot of works have been carried out in the context of
the ordinary 2HDM of Type-I, Type-II, Type-X, and Type-Y [17–34]. In this work, we will
mainly concentrate on the simplest case, the type-I 2HDM with U(1)H gauge symmetry,
and compare our model with the ordinary type-I 2HDM. In the type-I 2HDM case, only one
Higgs doublet couples to the SM fermions and the other Higgs doublet and singlet do not
couple to them. In the type-I 2HDM with U(1)H symmetry, we can achieve anomaly-free
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models without extra chiral fermions. Furthermore, constraints from ﬂavor physics and
the collider experiments could be relaxed drastically (see sections 3 and 4).
This paper is organized as follows. In section 2, we recapitulate the Type-I 2HDM
with the spontaneous U(1)H Higgs gauge symmetry breaking including the general Higgs
potential, and discuss the vacuum stability condition for the Higgs potential. Then we
derive the physical states of the Higgs ﬁelds and the masses of the SU(2) gauge bosons
in terms of the gauge coupling and Higgs VEVs and discuss the bounds on the physical
masses of the charged Higgs and neutral Higgs bosons. Section 3 is devoted to the discus-
sion of the constraints derived from electroweak precision observables (EWPOs), and the
comparison of our model with the usual Type-I 2HDM. (The results obtained in section 3
involves only gauge couplings of two Higgs doublets and could be applied to and shared
with other types of 2HDM [35].) Then we discuss phenomenology of Higgs bosons in our
model at the LHC in section 4. Conclusion of this paper is given in section 5. We present
some useful formulas in appendix.
2 Type-I 2HDM with local U(1)H gauge symmetry
2.1 Generalities
In 2HDMs, symmetry to distinguish the two SU(2)L Higgs doublets is required in order to
avoid tree-level FCNCs. One usually assign Z2 parities to two Higgs doublets and the SM
fermion ﬁelds [6] to achieve the NFC by Glashow and Weinberg. Depending on the charge
assignment, one can obtain so-called Type-I 2HDM, Type-II 2HDM, and etc.. Since the
Yukawa couplings of the SM fermions are controlled by the Z2 parities, the models allow
the couplings respecting the hypothesis of MFV.
In the usual 2HDMs with the softly broken Z2 symmetry, there are extra physical
scalar bosons: one extra CP-even scalar (H), one pseudoscalar (A), and one charged Higgs
pair (H±). The scalar masses are given by the Higgs VEVs and dimensionless couplings
in the Higgs potential at the renormalizable level. Therefore we can expect that the mass
scales of all extra scalar bosons are around the electroweak (EW) scale, like the SM-like
Higgs boson observed at the LHC. However, the masses and couplings of the extra scalar
bosons are strongly constrained by the collider experiments and the EWPOs as well as the
constraints from the ﬂavor physics. One has to introduce the Z2 symmetry breaking term
(soft breaking via dim-2 operators), which generates the pseudo scalar mass (mA), in order
to consider the higher mass scales.
In ref. [7], the present authors proposed gauged U(1)H symmetry, which may be consid-
ered as the origin of the Z2 symmetry, and constructed a number of well-deﬁned extensions
of 2HDMs with only MFV. In this case, the pseudo scalar mass mA is generated by spon-
taneous symmetry breaking of U(1)H via nonzero VEV of a new U(1)H -charged singlet
scalar Φ. The Lagrangian for the two Higgs (Hi (i = 1, 2)) and an extra U(1)H -charged
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Type UR DR QL L ER NR H2
U(1)H charge u d
(u+d)
2
−3(u+d)
2 −(2u+ d) −(u+ 2d) qH2 = (u−d)2
qH1 6= 0 0 0 0 0 0 0 0
U(1)B−L 1/3 1/3 1/3 −1 −1 −1 0
U(1)R 1 −1 0 0 −1 1 1
U(1)Y 2/3 −1/3 1/6 −1/2 −1 0 1/2
Table 1. Charge assignments of an anomaly-free U(1)H in the Type-I 2HDM.
scalar (Φ) is
LH=
2∑
i=1
∣∣∣(DSMµ −igHqHiZˆHµ)Hi∣∣∣2+∣∣∣(∂µ−igHqΦZˆHµ)Φ∣∣∣2−Vscalar(H1, H2,Φ)+LYukawa,
(2.1)
where DSMµ is the covariant derivatives for Hi under the SM-gauge groups. gH is the U(1)H
gauge coupling, and qHi and qΦ are U(1)H charges of Hi’s and Φ, respectively. Vscalar is
the scalar potential for Hi and Φ which breaks U(1)H and the EW symmetry. And ZˆHµ
is the U(1)H gauge boson in the interaction eigenstates. Finally LYukawa is the Yukawa
interaction between the SM fermions and the two Higgs doublets, which would be the same
as the Yukawa interactions in Type-I, Type-II, etc..3
This extension might suﬀer from tree-level deviation of the ρ parameter due to the
kinetic and mass mixings between the U(1)H gauge boson and Z boson. Furthermore, this
extension would modify relevant collider signatures because of the additional Higgs doublet
as well as the extra gauge boson ZH and the complex scalar Φ.
2.2 Type-I 2HDM with local U(1)H symmetry
There are many diﬀerent ways to assign U(1)H charges to the SM fermions to achieve
the NFC in 2HDMs with local U(1)H gauge symmetry. The phenomenology will crucially
depend on the U(1)H charge assignments of the SM fermions. In general, the models will
be anomalous, even if U(1)H charge assignments are non-chiral, so that one has to achieve
anomaly cancellation by adding new chiral fermions to the particle spectrum.
For the Type-I case, the present authors noticed that one can achieve an anomaly-
free U(1)H assignment even without additional chiral fermions as in table 1. Only H2
couples with the SM fermions, and the U(1)H charges of H1,2, qH1 and qH2 , should be
diﬀerent. Since the U(1)H charges of right-handed up- and down-type quarks (u and d) in
table 1 are arbitrary, one can construct an inﬁnite number of new models from the usual
Type-I 2HDM by implementing the softly broken Z2 symmetry to spontaneously broken
local U(1)H gauge symmetry. In the heavy ZH limit, all the models with Type-I mod-
els with local U(1)H with arbitrary u and d will get reduced to the conventional Type-I
2HDM with softly broken Z2 term (see m
2
3 term in eq. (2) in the next subsection). In
3We ignore the kinetic mixing between U(1)H and U(1)Y for simplicity in this paper.
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table 1, we present four interesting U(1)H charge assignments: the fermiophobic U(1)H
with u = d = 0, U(1)B−L, U(1)R, and U(1)Y cases.
2.3 Scalar potential
The scalar potential of general 2HDMs with U(1)H is completely ﬁxed by local gauge
invariance and renormalizability, and given by
Vscalar = mˆ
2
1(|Φ|2)H†1H1 + mˆ22(|Φ|2)H†2H2 −
(
m23(Φ)H
†
1H2 + h.c.
)
+
λ1
2
(H†1H1)
2 +
λ2
2
(H†2H2)
2 + λ3(H
†
1H1)(H
†
2H2) + λ4|H†1H2|2
+m2Φ|Φ|2 + λΦ|Φ|4. (2.2)
Φ is a complex singlet scalar with U(1)H charge, qΦ, and contributes to the U(1)H symmetry
breaking. mˆ2i (|Φ|2) (i = 1, 2) and m23(Φ) could be functions of Φ: mˆ2i (|Φ|2) = m2i + λ˜i|Φ|2
at the renormalizable level. m23(Φ) is ﬁxed by qHi and qΦ, and m
2
3(〈Φ〉) = 0 is satisﬁed
at 〈Φ〉 = 0: m23(Φ) = µΦn, where n is deﬁned as n = (qH1 − qH2)/qΦ. A mass parameter
µ can be regarded as real by suitable redeﬁnition of the phase of Φ. Note that the λ5
term (12λ5[(H
†
1H2)
2 + h.c.]) in the usual 2HDMs with softly broken Z2 symmetry does not
appear in our models, because we impose the local U(1)H gauge symmetry instead of Z2.
In our model, the eﬀective λ5 term would be generated from the scalar exchange, after
U(1)H symmetry breaking. The eﬀective λ5 would contribute to the pseudoscalar mass,
the vacuum stability and unitarity conditions like the ordinary 2HDMs.4
Expanding the scalar ﬁelds around their vacua,
〈HTi 〉 = (0, vi/
√
2), 〈Φ〉 = vΦ/
√
2,
one can study the physical spectra in the scalar sector including their masses and couplings.
The neutral scalars, hi, χi, hΦ, and χΦ, and the charged Higgs, φ
+
i , in the interaction eigen-
states are deﬁned by
Hi =
 φ+ivi√
2
+
1√
2
(hi + iχi)
 , Φ = 1√
2
(vΦ + hΦ + iχΦ). (2.3)
The scalar VEVs vi and vΦ satisfy the stationary conditions (or vanishing tadpole condi-
tions):
0 = m21v1 −m23v2 + λ1
v31
2
+ λ3
v1v
2
2
2
+ λ4
v1v
2
2
2
, (2.4)
0 = m22v2 −m23v1 + λ2
v32
2
+ λ3
v2v
2
1
2
+ λ4
v2v
2
1
2
, (2.5)
0 =
vΦ
2
(λ˜1v
2
1 + λ˜2v
2
2)−m′23 (vΦ)
v1v2√
2
+m2ΦvΦ + λΦv
3
Φ, (2.6)
with m′23 (vΦ) ≡ ∂Φm23(vΦ).
4The coupling λ5 could also be generated by the dimension six operator λ
′
5[(H
†
1H2)
2Φ2+h.c.]. Then we
have to keep all the possible dimension-6 operators in the scalar potential in order to analyze the physical
spectra which is a formidable task, and we would lose the predictability. In this paper, we consider only the
renormalizable lagrangian and just ignore higher dimensional operators for simplicity and predictability.
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2.4 Masses and mixings of scalar bosons
In 2HDMs with U(1)H and Φ, there are three CP-even scalars, one pseudoscalar, and one
charged Higgs pair after U(1)H and EW symmetry breaking. There is also an additional
massless scalar corresponding to U(1)H breaking, which is eaten by the additional gauge
boson of U(1)H , called ZH . Without U(1)H -charged Φ, the two CP-odd scalars in Hi
could be eaten by the gauge bosons, so that we could discuss the eﬀective model with no
massive pseudoscalar and U(1)H gauge boson [7, 36]. One may consider a model with Z2
Higgs symmetry instead of U(1)H . In this case, Φ should be a scalar to avoid a massless
mode and three CP-even scalars will appear after the symmetry breaking. Both cases will
correspond to some limits of the 2HDM with U(1)H and Φ.
2.4.1 Charged Higgs (H±)
After the EW symmetry breaking, one Goldstone pair (G±) and one massive charged Higgs
pair (H±) appear. The directions of Goldstone bosons are ﬁxed by the Higgs VEVs:(
φ+1
φ+2
)
=
(
cosβ
sinβ
)
G+ +
(
− sinβ
cosβ
)
H+, (2.7)
where (v1, v2) = (v cosβ, v sinβ) and v =
√
v21 + v
2
2. The squared mass of the charged
Higgs boson H+ is given by
m2H+ =
m23
cosβ sinβ
− λ4 v
2
2
. (2.8)
In the 2HDM without Φ, m23 is zero and m
2
H+ is determined only by the second term with
negative λ4. In the 2HDM with Φ, λ4 could be either negative or positive.
2.4.2 Pseudoscalar boson (A)
In 2HDMs with discrete Z2 symmetry, one CP-odd mode is eaten by the Z boson and the
other becomes massive. In the 2HDM with a complex scalar, Φ, there is an additional
CP-odd mode and two Goldstone bosons (G1,2) appear after the EW and U(1)H symmetry
breaking. m23(Φ) plays a crucial role in the mass of A, mA. m
2
3(Φ) is m
2
3(Φ) = µΦ or
µΦ2 in the renormalizable potential depending on the deﬁnition of qΦ = (qH1 − qH2) or
(qH1 − qH2)/2.
The directions of G1,2 and A are deﬁned as
χΦ
χ1
χ2
 =

0
cosβ
sinβ
G1 + vΦ√
v2Φ + (nv cosβ sinβ)
2

1
nv
vΦ
cosβ sin2 β
−nvvΦ cos2 β sinβ
G2
+
vΦ√
v2Φ + (nv cosβ sinβ)
2

nv
vΦ
cosβ sinβ
− sinβ
cosβ
A . (2.9)
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The squared pseudoscalar mass m2A is given by
m2A =
m23
cosβ sinβ
(
1 +
n2v2
v2Φ
cos2 β sin2 β
)
, (2.10)
where n = 1 or 2 depending on m23(Φ). G1 corresponds to the Goldstone boson in the
ordinary 2HDMs and could be eaten by the Z boson. In the limit, vΦ →∞, χΦ is G2 and
eaten by ZH . Also the direction of A and m
2
A become the same as in the ordinary 2HDMs.
In the 2HDM with local U(1)H symmetry but without Φ, A does not exist, so that it could
corresponds to the limit, mA → ∞ and vΦ → 0. In the following section, we discuss our
2HDMs assuming m23(Φ) = µΦ and qΦ = (qH1 − qH2).
2.4.3 CP-even scalar bosons (h,H, h˜)
After the EW and U(1)H symmetry breaking, three massive CP-even scalars appear and
they generally mix with each other as follows:
hΦ
h1
h2
 =

1 0 0
0 cosα − sinα
0 sinα cosα


cosα1 0 − sinα1
0 1 0
sinα1 0 cosα1


cosα2 − sinα2 0
sinα2 cosα2 0
0 0 1


h˜
H
h
 , (2.11)
where α corresponds to the mixing angle between two neutral scalars in the ordinary 2HDM
and α1,2 are additional mixing angles that newly appear in our model with local U(1)H
and a singlet scalar Φ. The mixing is given by the mass matrix which is introduced in
appendix A. In the limit of α1,2 → 0 one can interpret hΦ as the ﬁeld in the mass basis
and hΦ does not mix with h1,2. Throughout this paper, we assume that h is the SM-like
scalar boson with its mass (mh) being ﬁxed around 126GeV.
2.5 Gauge bosons
In 2HDMs with local U(1)H Higgs symmetry, at least one of the Higgs doublets Hi=1,2
should be charged under U(1)H . Therefore tree-level mass mixing between Z and ZH
would appear after spontaneous breaking of the EW and U(1)H symmetries. Let us de-
scribe the mass matrix of Z and ZH as(
Mˆ2Z ∆M
2
ZZH
∆M2ZZH Mˆ
2
ZH
)
. (2.12)
Mˆ2Z and Mˆ
2
ZH
are
Mˆ2Z =
g2 + g′2
4
v2 =
g2Z
4
v2, Mˆ2ZH = g
2
H
{
2∑
i=1
(qHivi)
2 + q2Φv
2
Φ
}
, (2.13)
and the mass mixing term between Z and ZH is
∆M2ZZH = −
MˆZ
v
gH
2∑
i=1
qHiv
2
i . (2.14)
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Here g, g′ and gH are the gauge couplings of U(1)Y , SU(2)L, and U(1)H gauge interactions,
respectively. And qHi and qΦ are the U(1)H charges of the Higgs doublet Hi’s and the sin-
glet scalar Φ, respectively. Some examples of the charge assignments within Type-I 2HDM
are shown in table 1. U(1)H charge assignments for other types of 2HDMs can be found
in ref. [7].
The tree-level masses in the mass eigenstates are given by
M2Z0 =
1
2
{
Mˆ2ZH + Mˆ
2
Z −
√
(Mˆ2ZH − Mˆ2Z)2 + 4∆M4ZZH
}
, (2.15)
M2ZH0 =
1
2
{
Mˆ2Z + Mˆ
2
ZH
+
√
(Mˆ2ZH − Mˆ2Z)2 + 4∆M4ZZH
}
. (2.16)
Then the mixing between Z and ZH is described by the mixing angle ξ, which is deﬁned as
tan 2ξ =
2∆M2ZZH
Mˆ2ZH − Mˆ2Z
. (2.17)
Note that we omit the symbol “0” for the physical (renormalized) masses for the gauge
bosons. The extra gauge boson couples with the SM fermions through the mixing even
if the SM fermions are not charged under U(1)H . Furthermore, this mixing modiﬁes the
coupling of the Z boson with the fermions, which has been well-investigated at the LEP
experiments. The Z boson mass is also deviated from the SM prediction according to
eq. (2.15) and the allowed size of the deviation is evaluated by the ρ parameter. Our
2HDMs are strongly constrained not only by the ZH search in the experiments but also by
the EWPOs, as we will see in the next section.
3 Vacuum stability condition and various constraints
3.1 Vacuum stability condition and perturbative unitarity bounds
There are many theoretical and experimental constraints on our model. First we consider
theoretical bounds on Higgs self couplings from vacuum stability condition and perturba-
tive unitarity.
In order to break the U(1)H and EW symmetry, the potential (2.2) should have a
stable vacuum with nonzero VEVs, namely the scalar potential is bounded from below.
We impose the vacuum stability bounds, which require that the dimensionless couplings
λ1,2,3,4 are to satisfy the following conditions:
λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2, λ3 + λ4 > −
√
λ1λ2, (3.1)
in the 〈Φ〉 = 0 direction. They correspond to the ones in the usual 2HDMs without λ5.
Following the conditions and eq. (A.11) in appendix A, the masses of scalars satisfy
m2h +m
2
H −m2A > 0. (3.2)
In the ordinary 2HDMs with softly broken Z2 symmetry, sizable λ5 is allowed and the
conditions (3.1) and (3.2) should be modiﬁed by the replacements, m2H+ → m2H+ + λ5v2
m2A → m2A + λ5v2 and λ4 → λ4 − |λ5| in eqs. (2.8), (3.1), and (3.2).
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In the 〈Φ〉 6= 0 direction, the vacuum-stability conditions for λΦ, λ˜1 and λ˜2 are
λΦ > 0, λ1 >
λ˜1
2
λΦ
, λ2 >
λ˜2
2
λΦ
, λ3 − λ˜1λ˜2
λΦ
> −
√√√√(λ1 − λ˜12
λΦ
)(
λ2 − λ˜2
2
λΦ
)
,
λ3 + λ4 − λ˜1λ˜2
λΦ
> −
√√√√(λ1 − λ˜12
λΦ
)(
λ2 − λ˜2
2
λΦ
)
, (3.3)
where the directions of H1 and H2 ﬁelds in the last four conditions are the same as those
of H1 and H2 ﬁelds in eq. (3.1).
We also impose the perturbativity bounds λi ≤ 4π on the quartic Higgs couplings and
the tree-level unitarity conditions whose expressions are given in ref. [37–39]. These will
make theoretical constraints on the quartic couplings in the scalar potential (2).
3.2 Constraints from various experiments
The charged Higgs boson mass is constrained by the LEP experiments. It depends on
the decay channel of the charged Higgs boson, and we take the model-independent bound
mh+ & 80GeV [40] in this work. We also impose a recent bound on the charged Higgs
and tanβ coming from the top quark decay from the LHC experiments [41–43]. We note
that the ﬂavor bound which mainly comes from the b→ sγ experiments is tanβ & 1 in the
type-I 2HDM [44].
Recently the BABAR Collaboration reported about 3.4σ deviation from the SM pre-
diction in the B → D(∗)τν decays [45]. This deviation cannot be accommodated with the
ordinary 2HDM with MFV in the Yukawa sector. It turned out that 2HDMs which violate
MFV might account for the discrepancy. The chiral U(1)′ model with ﬂavored Higgs dou-
blets which slightly breaks the NFC criteria in the right-handed up-type quark sector [16]
is one of such examples. Since the 2HDMs with U(1)H hold the MFV hypothesis, they
cannot be accommodated with the deviation in B → D(∗)τν. In this work, we do not con-
sider these experiments seriously since the experimental results are not well settled down.
In the future, if this deviation would be conﬁrmed at Belle or Belle II, it might exclude
our 2HDMs as well as the ordinary 2HDMs.
EWPOs in the LEP experiments which are usually parametrized by Peskin-Takeuchi
parameters S, T , and U [46] provides strong bounds on the parameters in the Higgs po-
tential. If new physics has no direct couplings to the SM fermions, their eﬀects at the LEP
energy scale would appear only through the self energies of SU(2)L gauge bosons. This is
the case of the usual Type-I 2HDM. However, in our model there exists a new U(1)H gauge
boson, which may couple to the SM fermions. In this case, one must consider all observables
at the Z pole at the one-loop level instead of S, T , and U [47]. However if the new gauge
boson is decoupled from the EW scale physics, S, T , and U will provide well-deﬁned con-
straints on the 2HDMs with U(1)H . We will discuss this bound in a few next subsections.
3.3 Tree-level ρ parameter
If the Higgs doublets are charged under the extra gauge symmetry, the extra symmetry
would also be broken along with EW symmetry breaking. Then there appears the mass
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mixing between the Z boson and the extra massive gauge boson. In the 2HDMs with U(1)H ,
the mixing between Z and ZH is generated as in eq. (2.17). This mass mixing could allow
the Z boson mass to deviate signiﬁcantly from the SM prediction, and thus will strongly
be constrained by the ρ parameter, which the SM predicts to be one at the tree level.
Assuming ξ ≪ 1, the tree-level ρ parameter is described as
ρ = 1 +
∆M2ZZH
M2Z0
ξ +O(ξ2). (3.4)
The mixing also changes the Z boson couplings with the SM fermions and the factor is
estimated as 1− ξ2/2.
The bounds on the tree-level mixing have been discussed in refs. [48–50]. As we
will see in ﬁgure 1 (a), we can derive the bounds on gH , tanβ, and MZH in the case with
(qH1 , qH2) = (1, 0), when we require that the tree-level contributions to the ρ parameter and
the decay width of the Z boson, which are functions of the Z-boson couplings, are within
the error of the SM predictions: ρ = 1.01051±0.00011 and ΓZ = 2.4961±0.0010GeV [51].
The tree-level deviations may also aﬀect the S, T , and U parameters, but they actually
become negligible because of the requirement for the stringent bound from Z ′ search at
the LHC, as we discuss in the next section.
3.4 Bound from Z′ search in the collider experiments
Extra neutral gauge bosons are strongly constrained by Z ′ searches at high energy colliders.
In our models, ZH can couple with the SM fermions through the Z-ZH mixing, even if we
choose the charged assignment that the SM fermions are not charged under U(1)H .
If ZH couples with leptons, especially electron and muon, ZH would be produced easily
at LEP and the coupling and mass of ZH are strongly constrained by the experimental re-
sults, which are consistent with the SM prediction with very high accuracy. If ZH is heavier
than the center-of-mass energy of LEP (209GeV), we could derive the bound on the eﬀec-
tive coupling of ZH [52–54]. The lower bound on MZH/gH would be O(10)TeV [53, 54]. If
ZH is lighter than 209GeV, the upper bound of ZH coupling would be O(10
−2) to avoid
conﬂicts with the data of e+e− → f−f+ (f = e, µ) [51, 53, 54].
Furthermore, there will be strong bounds from hadron colliders, if quarks are charged
under U(1)H . The upper bounds on the ZH production at the Tevatron and LHC are in-
vestigated in the processes, pp(p)→ ZHX → ffX [51, 52, 55, 56], and the stringent bound
requires O(10−3) times smaller couplings than the Z-boson couplings forMZ′ ≤ 1TeV [56].
We could avoid these strong constraints, in the case that all particles except for one
Higgs doublet are not charged under U(1)H . Actually the model in the ﬁrst row of table 1
is this case. ZH couples with the SM fermions only through the Z-ZH mixing, so that the
mixing should be suﬃciently small. In the following sections, we focus on the fermiophobic
U(1)H charge assignment and require the (conservative) bound sin ξ . 10
−3, according to
ref. [56]. The small mixing especially contributes to the T parameter as αT ∼ ρ − 1, but
it will not aﬀect our results.
In the 2HDM with U(1)H , ZH can decay to Z and scalars, so that the strong bound,
sin ξ . 10−3, will be relaxed if the branching ratio of the ZH decay into Z and scalars is
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almost one. In the following sections, we study the region with MZH ≤ 1TeV , and the
additional branching ratio is at most 0.1 in that region. If we assume that there are extra
particles charged under U(1)H and ZH mainly decays to the extra particles, the larger
value for sin ξ could be allowed. We note that the constraint from the Z ′ search in the dijet
production at the LHC can easily be avoided by the bound on the mixing angle ξ.
In the region of MZH > 1TeV, the constraints from the Z
′ search are relaxed and the
constraint on gH cosβ from the ρ parameter and ΓZ becomes stronger as we will see in
ﬁgure 1 (a).
3.5 S, T , and U parameters at the one-loop level
Here, we introduce S, T , and U parameters in the 2HDMs with the U(1)H gauge boson
and Φ at the one-loop level. They involve only gauge interactions of scalars, so that the
results could be applied to other types of 2HDMs [35]. The EWPOs in 2HDMs with extra
scalars have been calculated in refs. [57, 58].
In order to calculate the S, T , and U parameters, we deﬁne mass eigenstates {H+l },
{Hl}, and {Al} of Higgs bosons in terms of mixing angles β, α, and α1,2,
φ+i = c
H+
l
φi
H+l , hi = c
Hl
hi
Hl, χi = c
Al
χiAl, (3.5)
where {H+l } = (G+, H+), {Hl} = (h˜, H, h), {Al} = (G1, G2, A). The masses of Goldstone
bosons are given by mG+ = MW , mG1 = MZ and mG2 = MZH in the Feynman gauge.
c
H+
l
φi
, chˆlhi , and c
Al
χi satisfy∑
l
c
H+
l
φi
c
H+
l
φj
= δij ,
∑
l
cHlhi c
Hl
hj
= δij ,
∑
l
cAlχi c
Al
χj = δij , (3.6)∑
i
c
H+
l
φi
cH
+
m
φi
= δlm,
∑
i
cHlhi c
Hm
hi
+ cHlhΦc
Hm
hΦ
= δlm,
∑
i
cAlχi c
Am
χi + c
Al
χΦ
cAmχΦ = δlm. (3.7)
Each mixing angle is given in eqs. (2.7), (2.9), and (2.11).
Let us discuss the constraints on the loop corrections to the EWPOs in terms of the
S, T , and U parameters deﬁned as [51]
α(M2Z)T = α(M
2
Z)T2HDM +
∆ΠWW (0)
M2W
− ∆ΠZZ(0)
M2Z
, (3.8)
α(M2Z)
4s2W c
2
W
S =
α(M2Z)
4s2W c
2
W
S2HDM +
∆ΠZZ(M
2
Z)−∆ΠZZ(0)
M2Z
, (3.9)
α(M2Z)
4s2W
(S + U) =
α(M2Z)
4s2W
(S2HDM + U2HDM) +
∆ΠWW (M
2
W )−∆ΠWW (0)
M2W
, (3.10)
where α(M2Z) is the ﬁne-structure constant at the scale, MZ , and (sW , cW ) =
(sin θW , cos θW ) are deﬁned by the Weinberg angle, θW . S2HDM, T2HDM and U2HDM
are the parameters in the ordinary 2HDMs, which could be found in refs. [59, 60]. The
new gauge boson ZH and the extra scalar boson h˜ in our model make new one-loop
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contributions to the vacuum polarizations of gauge ﬁelds, denoted by (∆ΠWW,ZZ). Their
explicit expressions up to the O(ξ) corrections are given by
∆ΠWW (k
2) =
α
4πs2W
{(cH
+
L
φi
cHlhi c
H+
L
φj
cHlhj )B22(k
2;m2Hl ,m
2
H+
L
)
− cos2(β − α)B22(k2;m2H ,M2W )− sin2(β − α)B22(k2;m2h,M2W )
− sin2(β − α)B22(k2;m2H ,m2H+)− cos2(β − α)B22(k2;m2h,m2H+)
+
γ2
1 + γ2
B22(k
2;m2H+ ,M
2
ZH
)− γ
2
1 + γ2
B22(k
2;m2H+ ,m
2
A)
−M2W
(vivj
v2
cHlhi c
Hl
hj
)
B0(k
2;M2W ,m
2
Hl
)
+M2W cos
2(β − α)B0(k2;M2W ,m2H) +M2W sin2(β − α)B0(k2;M2W ,m2h)}
−M2W
αH
4π
(
vi
v
qHic
H+
l
φi
)2
B0(k
2;m2
H+
l
,M2ZH ), (3.11)
∆ΠZZ(k
2) =
α
4πs2W c
2
W
{(cAmχi cHlhi cAmχj c
Hl
hj
)B22(k
2;m2Am ,m
2
Hl
)
− cos2(β − α)B22(k2;M2Z ,m2H)− sin2(β − α)B22(k2;M2Z ,m2h)
− sin2(β − α)B22(k2;m2A,m2H)− cos2(β − α)B22(k2;m2A,m2h)
−M2Z
(vivj
v2
cHlhi c
Hl
hj
)
B0(k
2;M2Z ,m
2
Hl
)
+M2Z cos
2(β − α)B0(k2;M2Z ,m2H) +M2Z sin2(β − α)B0(k2;M2Z ,m2h)}
−M2Z
αH
π
(vi
v
qHic
Hl
hi
)2
B0(k
2;m2Hl ,M
2
ZH
), (3.12)
which are used for phenomenological analyses of the EWPOs. We have deﬁned a new
parameter γ for convenience:
γ =
v
vΦ
cosβ sinβ. (3.13)
The extra corrections additionally depend on the mixing (α1,2) among the CP-even scalar
bosons, the mass of the extra scalar boson (m
h˜
), and the ZH mass and its gauge coupling,
(MZH , gH). The explicit expressions of the functions B0 and B22 can be found in ref. [59].
3.6 Analysis in 2HDMs with U(1)H gauge symmetry
Here, we discuss the bounds from EWPOs in the 2HDMs with U(1)H Higgs gauge symme-
try. For the numerical analysis, we use the following input parameters: MZ = 91.1875GeV,
MW = 80.381GeV, sin
2 θW = 0.23116, α(MZ) = 1/(127.944), and mh = 126GeV. Accord-
ing to the recent LHC results, the bounds on S, T , and U parameters are given by [61, 62]
S = 0.03± 0.10, T = 0.05± 0.12, U = 0.03± 0.10, (3.14)
with mrefh = 126GeV and m
ref
t = 173GeV. The correlation coeﬃcients are +0.89ST ,
−0.54SU , and −0.83TU .5
In ﬁgures 1 and 2, the allowed regions within 90% C.L. of S, T , and U parameters
are presented in the type-I 2HDM with qH1 = qΦ = 1 and qH2 = 0. The parameters are
5Fixing U = 0, S = 0.05± 0.09 and T = 0.08± 0.07 with the correlation coefficient +0.91.
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Figure 1. Bounds on MZH , gH cosβ, ghV V and mA in the 2HDMs. In the left panel, the gray
region satisﬁes sin ξ ≤ 10−3 coming from the collider experiments while the dashed line is the
upper limit coming from the ρ parameter and ΓZ . In the right panel, the gray region is the allowed
one for the type-I 2HDM with ghV V = sin(β − α) and α1 = α2 = 0. The red points are allowed in
the 2HDM with U(1)H .
scanned in the following regions: 1 ≤ tanβ ≤ 100, 90GeV ≤ mH+ ≤ 1000GeV, 126GeV ≤
mA,mH ,mh˜ ≤ 1000GeV, and −1000GeV≤ µ ≤ 1000GeV. The constraints on the vacuum
stability, unitarity and perturbativity introduced in the subsections 3.1 are imposed. The
bound from b → sγ is assigned based on ref. [44]. Light charged Higgs is constrained by
the bound on exotic top decay t → H+b [41–43] and the decay widths of H, h˜ → V V
(V =W,Z) are enough small to avoid the bounds in the collider experiments [63].
In ﬁgures 1 (a) and (b), we show the bounds (a) on MZH and gH cosβ and (b) on
ghV V = sin(β − α) cosα1 and mA in the type-I 2HDM with U(1)H , respectively. Here
ghV V is the h-V -V (V = W,Z) coupling normalized to the SM coupling. In ﬁgure 1
(a), the gray region satisﬁes the collider bound, sin ξ ≤ 10−3, mainly from the Drell-Yan
process at the LHC and the dashed line corresponds to the upper limit on the constrains
coming from the ρ parameter and ΓZ . In the region MZH . 1TeV, the collider bound
is stronger than the bound from the ρ parameter and ΓZ . We note that we include the
one-loop corrections involving ZH to S, T , and U , where 126GeV ≤ MZH ≤ 1000GeV
and 0 ≤ |gH | ≤ 4π. The tree-level contribution to the T parameter is also considered but
it just yields the deviation, |∆T | . 0.01.
In ﬁgure 1 (b), the gray region is allowed for ghV V and mA in the ordinary type-I
2HDM, where α1 = α2 = 0 and ZH and Φ are decoupled. If the pseudoscalar mass is
heavy, ghV V should be close to one so that the Higgs signal around 126GeV should be
SM-like. The red points are allowed in the 2HDM with U(1)H with sin ξ ≤ 10−3. We
note that the small ghV V region is also allowed due to an extra factor cosα1 in ghV V . The
small ghV V would reduce the production rate of the SM-like Higgs boson and the partial
decay width of h to the EW gauge bosons.
In ﬁgure 2, we show the bounds on the mass diﬀerences among mA, mH and mH+ .
In ﬁgure 2 (a), mA is less than 700GeV, and the (dark) gray region satisﬁes 126GeV
≤ mA < 300GeV (300GeV ≤ mA < 700GeV). In ﬁgure 2 (b), mA is within 700GeV
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Figure 2. Bounds onmH+−mA andmH−mA in the 2HDMs. The gray (blue) regions are allowed in
the ordinary type-I 2HDM (with |λ5| ≤ 1). In the left panel, 126GeV≤ mA < 700GeV is chosen and
the gray region is divided to the two mass regions: 126GeV ≤ mA < 300GeV (gray) and 300GeV ≤
mA < 700GeV (dark gray). In the right panel, 700GeV ≤ mA ≤ 1000GeV is chosen. The red (blue)
points are allowed in the type-I 2HDM with U(1)H without (with) the conditions: ghV V ≥ 0.9 and
ghtt ≥ 0.9. Three dashed lines corresponds to the ones formH+ = mA,mH = mA, andmH+ = mH .
≤ mA ≤ 1000GeV. The gray region is allowed for all the constraints in the ordinary type-I
2HDM with α1 = α2 = 0 and λ5 = 0. As we see in appendix A, we can realize such small
mixings assuming very small λ˜1, λ˜2 and µ or very large vΦ.
The light blue region corresponds to the ordinary 2HDM with non-zero λ5 (|λ5| ≤ 1).
In the case of the 2HDMs with λ5 = 0, the vacuum stability requires the relation (3.2). On
the other hand, non-zero λ5 modiﬁes the relation and, especially, negative λ5 pushes the
lower bound on mH down, so that the wider region is allowed in ﬁgures 1 and 2.
As we see in ﬁgure 2, each scalar mass could become diﬀerent. However, it seems that
at least two of them should be close to each other in the typical 2HDM with small λ5. The
heavier pseudoscalar mass requires the smaller mass diﬀerence.
In our 2HDM with h˜ and ZH , the strict bounds could be evaded because of the
contributions of the extra particles. The red and blue points are allowed in the type-I
2HDM with U(1)H and the additional constraints, ghV V ≥ 0.9 and ghtt ≥ 0.9, are imposed
on the blue points. Here ghtt is the h-t-t coupling normalized to the SM coupling and it is
given by ghtt = cosα1 cosα/ sinβ in the type-I 2HDM with U(1)H . Once Φ is added and
hΦ mixes with h1 and h2, the relation (3.2) is discarded, so that the red (blue) points exist
outside of the gray region, when hΦ and ZH reside in the O(100)GeV scale. In particular,
the predictions of the masses of the CP-even scalars are modiﬁed, so that mH −mA would
have larger allowed region, compared with mH+ −mA. Even if the SM Higgs search limits
the normalized h-V -V and h-t-t couplings, the mass diﬀerence could not be constrained
strongly as shown in the region of the blue points.
The constraints from EWPOs could easily be applied to the other type 2HDMs by
changing the experimental constraints on the charged Higgs mass. For example, b → sγ
gives the lower bound on mH+ & 360GeV in the type-II 2HDMs [44].
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4 Collider phenomenology of the Higgs bosons
4.1 Analysis strategies
In this section, we consider collider phenomenology of the Higgs bosons, in particular,
focusing on the SM-like Higgs boson. For the calculation of the decay rates of the neutral
Higgs bosons, we use the HDECAY [64] with corrections to Higgs couplings to the SM
fermions and gauge bosons and with inclusion of the charged Higgs contribution to the
h→ γγ and h→ Zγ decays.
There are 10 parameters in the potential neglecting the ZH boson eﬀects at the EW
scale, and one of them is ﬁxed by the SM-like Higgs boson mass mh ∼ 126GeV. We
choose the other 9 parameters as tanβ, mA, dmH+ , dmH , mh˜, α, α1, α2, and vφ, where
dmH+(dmH) = mH+(mH)−mA is the mass diﬀerence between the charged Higgs (heavy
Higgs) and pseudoscalar Higgs boson. In this analysis, we choose each parameter region as
follows: 1 ≤ tanβ ≤ 100, 126GeV ≤ mA ≤ 1TeV, |dmH+,H | ≤ 200GeV, 0 ≤ α, α1,2 ≤ 2π,
126GeV ≤ mh˜ ≤ 1TeV, 0GeV ≤ vΦ ≤ 3TeV, respectively.6
In order to compare our models with the Higgs data at the LHC, we consider the
signal strength µ for each decay mode i of the SM-like Higgs boson with the production
tag j, which is deﬁned by
µij =
σ(pp→ h)j2HDMBr(h→ i)2HDM
σ(pp→ h)jSMBr(h→ i)SM
, (4.1)
where σ(pp → h)j means the production cross section for the SM-like Higgs boson with
the production tag j and Br(h → i) is the branching ratio of the SM-like Higgs boson
decay into the i state. Here j = gg, V h, or V V h, which correspond to the gg fusion
production, vector boson associated production, and vector boson fusion production tag,
respectively. Finally i = γγ, WW , ZZ, or ττ , depending on the decay channels.
The search for the SM Higgs boson also constrains the mass and couplings of the
heavy Higgs boson. In high mass region greater than 200GeV, the main search mode is
h→ ZZ → 4l [65]. For the SM-like Higgs boson, the lower limit for the Higgs boson mass
is about 650GeV and 300GeV for the gg fusion production and V V h + V h production,
respectively. More detailed analysis is given in ref. [65]. For a Higgs boson H, the upper
bound on the signal strength, µZZV V H,V H in the V V H +V H production is about one or less
for mH > 200GeV while the bound on µ
ZZ
gg is about 0.1 ∼ 1 for 200 GeV < mH < 1TeV
in the gg fusion production, which varies according to mH . From the SM Higgs search for
mH ≤ 200GeV, we get the constraint on the signal strength µZZgg < 0.1 ∼ 0.5 whose bound
depends on mH . We impose these bounds on the heavy Higgs boson H.
In this work, we consider two distinct cases in our Type-I 2HDM with U(1)H gauge
symmetry:
6The larger mass-scale region could be considered, but they relate to the SM-Higgs signals indirectly
through the bounds from the EWPOs and theoretical constraints, as we discuss in section 3. Hence, they
would not change our results in this section.
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Figure 3. (a) µγγgg vs. µ
ZZ
gg and (b) µ
ττ
gg vs. µ
WW
gg in the ordinary type-I 2HDM (red) and type-I
2HDM with Φ (blue). The eﬀect of ZH boson is assumed to be small enough to be ignored. The
skyblue and green regions are the allowed ones at CMS and ATLAS in the 1σ level.
• First, we consider the Type-I 2HDM with U(1)H , assuming that ZH is decoupled
from the low energy Higgs physics. Then, the extra contribution is from only the
extra Higgs scalar, and the eﬀect is parametrized by m
h˜
and α1,2.
• Secondly, we consider the Type-I 2HDM with U(1)H , including ZH contribution.
The charge assignment is fermiophobic by setting u = d = 0. In this case the
ZH boson couples with the SM fermions only through the Z-ZH mixing, and it
contributes to the EWPOs.
We compare each case with the ordinary type-I 2HDM by setting α1,2 = 0 and omitting
the singlet scalar Φ and ZH . We note there is no λ5 term in the Higgs potential in this
case, as we mentioned in the previous section.
4.2 2HDM with the extra singlet scalar
In this section, we consider the type-I 2HDM with the extra singlet scalar ﬁeld, hΦ, where
we assume that the imaginary part of Φ is eaten by ZH and the eﬀects of the U(1)H gauge
boson are small enough to be ignored. This could easily be achieved with an assumption
of the heavy ZH mass and small gH , namely in the limit of large vΦ.
We show the scattered plots for µγγgg and µZZgg in ﬁgure 3(a), and for µ
ττ
gg and µ
WW
gg
in ﬁgure 3(b), respectively. The red points are allowed in the ordinary type-I 2HDM,
whereas the blue points are consistent with the type-I 2HDM with hΦ, respectively. The
skyblue and green regions are consistent with the Higgs signal strengths reported by CMS
and ATLAS Collaborations within the 1σ range, respectively, where µγγgg,CMS = 0.70
+0.33
−0.29,
µγγgg,ATLAS = 1.6± 0.4, µZZgg,CMS = 0.86+0.32−0.26, and µZZgg,ATLAS = 1.8+0.8−0.5. Each signal strength
at CMS is consistent with that at ATLAS within the 2σ’s.
The SM point is µγγ,ZZ,WW,ττgg = 1, which is in agreement with the CMS data, but
the ATLAS data are consistent only at the 2σ level. In the ordinary 2HDM, the allowed
points are in the regions of µγγgg . 1.4 and 0.4 . µZZgg . 1.1. In the 2HDM with hΦ the
allowed region is wider in the gg → h → ZZ process: 0 . µZZgg . 1.1. Both 2HDMs
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Figure 4. (a) µγγV V h vs. µ
ZZ
V V h, (b) µ
ττ
V V h vs. µ
WW
V V h (c) µ
γγ
V h vs. µ
ZZ
V h , and (d) µ
ττ
V h vs. µ
WW
V h in the
ordinary type-I 2HDM (red) and type-I 2HDM with hΦ (blue). The eﬀect of ZH boson is assumed
to be small enough to be ignored. The skyblue and green regions are the allowed ones at CMS
and ATLAS in the 1σ level.
contain the SM point µ = 1, and the CMS data for µγγgg and µZZgg , but only the edge of the
allowed region is barely consistent with the ATLAS data in the 2σ level.
For µττgg both models predict a large allowed region from 0 (0.4) to 1.5 or larger so that
it is diﬃcult to constrain the parameters in the 2HDMs using only µττgg .
In the ordinary 2HDM 0.4 . µWWgg . 1 is allowed, whereas much wider region 0 .
µWWgg . 1 is allowed in the 2HDM with hΦ. The allowed region in the 2HDM with hΦ is
much broader than that in the ordinary 2HDM.
As shown in ﬁgure 3, the region of µZZgg . 0.4 and µ
WW
gg . 0.4 is not allowed in the ordi-
nary 2HDM. Hence, if it turns out that the two signal strengths were less than 0.4, one might
be able to conclude that the 2HDM with hΦ is more favored than the ordinary 2HDM. How-
ever, if it turns out that each signal strength is close to the SM point, the 2HDM with hΦ
cannot be distinguished from the ordinary 2HDM as well as the SM. The mixing with the ex-
tra CP-even singlet scalar decreases the two signal strengths, so that we could conclude that
their upper bounds are µγγgg . 1.4 and µZZgg . 1.0 in the type-I 2HDM with the extra scalar.
Figure 4 shows the scattered plots (a) for µγγV V h and µ
ZZ
V V h, (b) for µ
ττ
V V h and µ
WW
V V h,
(c) for µγγV h and µ
ZZ
V h , and (d) for µ
ττ
V h and µ
WW
V h , respectively. The red points are allowed
in the ordinary type-I 2HDM, while the blue ones are in the type-I 2HDM with hΦ. In the
SM, µγγ,ZZ,WW,ττV V h,V h = 1 is satisﬁed. In these ﬁgures, the experimental data are consistent
with the SM prediction at the 1σ level except µWWV V h. However, it does not imply any
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Figure 5. sinα vs. tanβ in the type-I ordinary 2HDM (red) and in the type-I 2HDM with hΦ
(blue). The points are consistent with the CMS data for µγγgg and µ
ZZ
gg in the 1σ level. The black
and green lines correspond to the cases sin(β−α) = 1 (SM limit) and sin(β+α) = 1, respectively.
conclusive deviation from the SM since the experimental uncertainties are very large at the
moment. As shown in the ﬁgures, µZZ,WWV V h,V h could get much larger than the SM prediction
in the parameter regions which increase the branching ratios of h → ZZ or h → WW .
We note that the decay widths of the Higgs boson h into ZZ or WW are rescaled by
ghV V = cosα1 sin(β − α), while those into a fermion pair are by ghff = cosα1 cosα/ sinβ.
In the limit of small cosα or large sinβ, the branching ratio of the h decay into a bb¯ pair
could get much smaller than the branching ratio in the SM and as a result, the branching
ratios of the h decay into ZZ or WW could be much enhanced.
As shown in ﬁgure 4, the region of µττV V h,V h . 0.4 is not allowed in the ordinary
2HDM. Hence, if it turns out that the signal strengths are less than 0.4, one might
conclude that the 2HDM with hΦ is more favored than the ordinary 2HDM. In the region
of µV V h,V h > 0.4 we cannot distinguish the 2HDM with hΦ from the ordinary 2HDM. If
it turns out that each signal strength is close to the SM point, the 2HDM with hΦ cannot
be distinguished from the ordinary 2HDM as well as the SM.
In ﬁgure 5, we depict the scattered plot for sinα and tanβ. The red and blue points
are consistent with the CMS data for µγγgg and µZZgg at the 1σ level in the type-I ordinary
2HDM and in the type-I 2HDM with hΦ, respectively. The black line corresponds to the
SM limit sin(β−α) = 1 while the green line to sin(β+α) = 1. In the ordinary 2HDM and
the 2HDM with hΦ, the allowed points are scattered over the region | sinα| . 0.8. The
region | sinα| & 0.8 is forbidden, since the coupling ghff ∼ cosα/ sinβ to the fermions
becomes small for tanβ > 1. In both models, the allowed regions contain the SM limit
sin(β − α) = 1 and there is no distinction between the two models. There is no region
which agrees with the ATLAS data for µγγgg and µZZgg at the 1σ level, but one can obtain
a similar ﬁgure for the ATLAS data at the 2σ level.
4.3 2HDM with the ZH boson: fermiophobic case
In this section, we discuss the 2HDM with U(1)H where the U(1)H gauge boson ZˆH is
fermiophobic, assuming u = d = 0 as shown in table 1. Then the ZˆH boson does not
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Figure 6. (a) µγγgg vs. µ
ZZ
gg and (b) µ
ττ
gg vs. µ
WW
gg in the ordinary type-I 2HDM (red) and type-I
2HDM with a ZH (blue). The skyblue and green regions are the allowed ones at CMS and ATLAS
in the 1σ level.
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 0  0.2  0.4  0.6  0.8  1  1.2  1.4
µ V
VhZZ
µVVh
γγ
(a)
Type-I 2HDM
with ZH
ordinary
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 0  0.2  0.4  0.6  0.8  1  1.2  1.4
µ V
VhW
W
µVVh
ττ
(b)
Type-I 2HDM
with ZH
ordinary
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 0  0.2  0.4  0.6  0.8  1  1.2  1.4
µ V
hZZ
µVh
γγ
(c)
Type-I 2HDM
with ZH
ordinary
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 0  0.2  0.4  0.6  0.8  1  1.2  1.4
µ V
hW
W
µVh
ττ
(d)
Type-I 2HDM
with ZH
ordinary
Figure 7. (a) µγγV V h vs. µ
ZZ
V V h, (b) µ
ττ
V V h vs. µ
WW
V V h (c) µ
γγ
V h vs. µ
ZZ
V h , and (d) µ
ττ
V h vs. µ
WW
V h in the
ordinary type-I 2HDM (red) and type-I 2HDM with a ZH (blue). The skyblue and green regions
are the allowed ones at CMS and ATLAS in the 1σ level.
couple with the SM fermions, but in the mass eigenstate the ZH boson, which is a mixture
of Zˆ and ZˆH , can couple with the SM fermions, and the couplings of the Z boson is
modiﬁed by the mixing angle between Zˆ and ZˆH .
In this model, we have 10 parameters except mh ﬁxed to 126GeV. The general model
allows the mixing of hΦ, h1 and h2 as shown in eq. (2.7). However, the analysis of the model
is time-consuming and the general feature of mixing between two Higgs doublets and singlet
ﬁelds would reduce signal strengths as in the previous section. Therefore, we consider no
mixing case by setting α1 = α2 = 0 and compare our results with the typical 2HDM.
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Figure 8. sinα vs. tanβ in the type-I ordinary 2HDM (red) and in the type-I 2HDM with a ZH bo-
son (blue). The points are consistent with the CMS data for µγγgg and µ
ZZ
gg in the 1σ level. The black
and green lines correspond to the cases sin(β−α) = 1 (SM limit) and sin(β+α) = 1, respectively.
We choose the parameter regions as follows: 1 ≤ tanβ ≤ 100, 126GeV ≤ mA ≤ 1TeV,
|dmH+,H | ≤ 200GeV, 0 ≤ α ≤ 2π, 126GeV ≤ mh˜ ≤ 1TeV. The U(1)H coupling gH and
the mass of ZH are chosen to be 0 ≤ gH ≤
√
4π and 36 GeV ≤ MZH ≤ 1TeV, where the
low bound for MZH is taken to suppress the decay mode h → ZZH . Then, vΦ is given in
terms of parameters: vΦ = [M
2
ZH
/g2H − v2/(1 + tan2 β)]1/2. In the range of MZH ≤ mh/2,
h can decay into ZHZH . However, in our U(1)H charge assignment (1, 1, 0) on the Higgs
ﬁelds (Φ, H1, H2), the branching ratio for h → ZHZH is suppressed. Actually for the
parameters which pass all experimental constraints, we ﬁnd that Br(h → ZHZH) < 10−5
which can be safely ignored in phenomenological analysis.
We depict the scattered plots for µγγgg and µZZgg in ﬁgure 6(a), and for µ
ττ
gg and µ
WW
gg
in ﬁgure 6(b), respectively. The red and blue points correspond to the ordinary Type-I
2HDM and Type-I 2HDM with the ZH boson, respectively. The skyblue and green regions
are CMS and ATLAS bounds at the 1σ level. As shown in ﬁgure 6, the 2HDM with
the ZH boson seems to have broader regions of the Higgs signal strengths than those in
the ordinary 2HDM, but there is no essential diﬀerence. In case of the general mixing
between the neutral Higgs bosons, we might be able to distinguish the 2HDM with the
ZH boson from the ordinary 2HDM in some parameter spaces, especially in the region
µZZ,WWgg . 0.4. However, this region is inconsistent with the current measurements. Both
2HDMs are consistent with the CMS data at the 1σ level. However, it is diﬃcult to increase
µγγgg and µZZgg to the ATLAS data in the present models. Therefore the 2HDM with the ZH
boson are not in agreement with the ATLAS data at the 1σ level.
Figure 7 shows the scattered plots (a) for µγγV V h and µ
ZZ
V V h, (b) for µ
ττ
V V h and µ
WW
V V h (c)
for µγγV h and µ
ZZ
V h , and (d) for µ
ττ
V h and µ
WW
V h , respectively. The red points are allowed in
the ordinary type-I 2HDM while the blue ones are in the 2HDM with the ZH boson. In
the 2HDM with the ZH boson, µ
ZZ,WW
V V h,V h could get much larger than the SM prediction as
shown in the ﬁgures. If the mixing between the two Higgs doublet and singlet ﬁelds are
allowed, broader region with smaller signal strengths would be allowed as in the 2HDM
with hΦ discussed in the previous subsection. The SM points µ
ZZ,WW
V V h,V h = 1 are consistent
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with the (ordinary) 2HDMs at the 1σ level except for µWWV V h. However the deviation in
µWWV V h is not statistically signiﬁcant yet because of large experimental errors.
In ﬁgure 8, we depict the scattered plot for sinα and tanβ, where the red and blue
points are consistent with the CMS data for µγγgg and µZZgg in the 1σ level in the type-I
ordinary 2HDM and in the type-I 2HDM with the ZH boson, respectively. The black line
corresponds to the SM limit sin(β − α) = 1 while the green line to sin(β + α) = 1. As
in the 2HDM with hΦ, the region | sinα| & 0.8 is not allowed and there is no diﬀerence
between the ordinary 2HDM and the 2HDM with U(1)H Higgs gauge symmetry in the
type-I case even though the extra ZH boson contribution is taken into account. However,
in the type-II 2HDMs, one could ﬁnd apparent distinction between the 2HDMs without
U(1)H Higgs gauge symmetry and with the gauge symmetry [35].
5 Conclusion
Discovery of a SM-like Higgs boson at the LHC has opened a new era in particle physics.
It is imperative to answer the question if this new boson is the SM Higgs boson or one of
Higgs bosons in an extended model with multi-Higgs ﬁelds. The 2HDM is one of the sim-
plest models which extend the SM Higgs sector and is well motivated by MSSM, GUT, etc.
In ref. [7], it was suggested to replace the Z2 symmetry in the ordinary 2HDM with U(1)H
gauge symmetry, which can easily realize the NFC criterion with proper U(1)H charge as-
signments to the two Higgs doublets and the SM chiral fermions. The local U(1)H symmetry
may be the origin of softly broken Z2 symmetry which has been widely discussed so far.
In this paper, we performed detailed phenomenological analysis of the observed
126GeV Higgs boson within the Type-I 2HDM with the U(1)H symmetry proposed in
ref. [7]. We added an extra complex scalar that breaks U(1)H spontaneously, in order to
avoid the strong constraint on the mixing between the Z boson and the extra ZH boson
from EWPOs. Our extension of 2HDMs predicts one extra gauge boson and one extra neu-
tral scalar compared with the 2HDMs with Z2 symmetry, and allows a large pseudoscalar
mass according to the spontaneous U(1)H symmetry breaking.
Taking into account experimental constraints from the SM-Higgs search, EWPO etc.,
and theoretical constraints from perturbativity, unitarity, and vacuum stability, we studied
the signal strengths in two diﬀerent cases:
• Case I: type-I 2HDM with the extra scalar hΦ, assuming the U(1)H gauge boson
is heavy enough to be decoupled at the EW scale. In this case, the Higgs sector
includes an extra scalar which is a remnant from spontaneous U(1)H symmetry
breaking, and the EWPOs will be aﬀected. We found that the signal strengths in the
2HDMs with hΦ could be much smaller than those in the 2HDM with Z2 symmetry
in some channels. However, if the signal strengths are close to the SM prediction,
it would be nontrivial to distinguish the 2HDM with hΦ from the 2HDM with Z2
symmetry with Higgs signal strengths alone, especially when all the signal strengths
are observed close to the SM values. In case the signal strengths are bigger than
the SM prediction, the extra mixing of CP-even scalars does not help to save type-I
2HDM especially in h→ V V .
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• Case II: type-I 2HDM with the ZH boson where the U(1)H boson is fermiophobic.
This is the simplest solution to the U(1)H assignments to the SM chiral fermions
listed in table I. Then, ZH boson can couple with the SM fermions only through the
mixing between the Zˆ and ZˆH bosons. In general, the 2HDM with the ZH boson
allows wider region compared with the 2HDM with Z2 symmetry, but if the mixing
between two Higgs doublets and singlet ﬁelds are ignored, there is no essential
distinction in the allowed regions from the 2HDM with Z2 symmetry. In particular,
if the signal strengths turn out to be close to the SM prediction, the distinction
would be nontrivial from the Higgs search alone. Direct search for extra U(1)H
gauge boson and/or extra neutral scalar would be important in such a case.
• In either case, for a given µγγ , the allowed regions for µWW and µZZ are broader
than the ordinary 2HDMs. And µττ in Case I could be smaller than those predicted
in the ordinary 2HDMs, but is similar in Case II. On the other hand, it would be
diﬃcult to distinguish the ordinary Type-I 2HDM from the model with local U(1)H
gauge symmetry based on the observed 126GeV Higgs signal strengths alone, if the
data are close to the SM predictions. It would be essential to discover the extra
scalar bosons and the new gauge boson ZH in order to tell one from the other.
In this work, we considered only the type-I 2HDMs with U(1)H gauge symmetry, which
are the simplest since they are anomaly-free without any extra fermions as long as we
choose suitable U(1)H charges for the SM chiral fermions as in table I. In this anomaly-free
case without extra fermions, it is diﬃcult to enhance the signal strengths µγγgg for example.
On the other hand, more general 2HDMs with U(1)H gauge symmetry would generically
have gauge-anomaly, like in U(1)B or U(1)L models. This gauge anomaly can be cured
by adding extra chiral fermions and/or vector-like fermions, which would contribute to
the production and the decay of Higgs boson via extra colored and/or electrically charged
new particles in the loop and thus could enhance µγγgg . It is straightforward to extend
the present analysis to other type of 2HDMs with U(1)H gauge symmetry discussed in
ref. [7], in particular, Type-II 2HDM. These models would have richer structures and be
more interesting in theoretical and phenomenological aspects, and we plan to report the
phenomenological analysis on such models in future publications [35].
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A Mass matrix of CP-even scalars
The mass matrix for 3 CP-even scalars, M2h , is
M ′2 M ′21 M
′2
2
M ′21 M
2
11 M
2
12
M ′22 M
2
12 M
2
22
 =

1 0 0
0 cosβ sinβ
0 − sinβ cosβ
M2h

1 0 0
0 cosβ − sinβ
0 sinβ cosβ
 , (A.1)
M ′2 =
(
m′23
vΦ
√
2
− m
′′2
3
2
)
v2 cosβ sinβ + λΦv
2
Φ, (A.2)
M ′21 = λ˜1vΦv cos
2 β + λ˜2vΦv sin
2 β − m
′2
3√
2
v sin 2β, (A.3)
M ′22 = (−λ˜1vΦv + λ˜2vΦv) cosβ sinβ −
m′23√
2
v cos 2β, (A.4)
M211 = λ1v
2 cos4 β + λ2v
2 sin4 β + (λ3 + λ4)
v2
2
sin2 2β, (A.5)
M222 =
m23
cosβ sinβ
+(λ1+λ2)v
2 cos2 β sin2 β−(λ3+λ4)v
2
2
sin2 2β, (A.6)
M212 = −(λ1 cos2 β−λ2 sin2 β)
v2
2
sin 2β+(λ3+λ4)
v2
2
sin 2β cos 2β, (A.7)
with m′23 (vΦ) ≡ ∂Φm23(vΦ) and m′′23 (vΦ) ≡ ∂2Φm23(vΦ).
When M ′21 =M
′2
2 = 0 is satisﬁed, the following relations are satisﬁed:
m2H = M
2
11 cos
2(α− β) +M222 sin2(α− β) +M212 sin 2(α− β), (A.8)
m2h = M
2
11 sin
2(α− β) +M222 cos2(α− β)−M212 sin 2(α− β), (A.9)
tan 2(α− β) = 2M
2
12
M211 −M222
, (A.10)
m2h +m
2
H −m2A = λ1v2 cos2 β + λ2v2 sin2 β. (A.11)
When α1,2 are small, the angles are approximately
α1 =
−M ′21 sin(α− β) +M ′22 cos(α− β)
M ′2 −m2h
+O((α1,2)
2), (A.12)
α2 =
M ′21 cos(α− β) +M ′22 sin(α− β)
M ′2 −m2H
+O((α1,2)
2). (A.13)
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